Adult male rats, under starving and normal conditions, were injected intravenously with N-acetyl[3Hlmannosamine and after various time intervals the specific radioactivities of free N-acetylneuraminic acid (NeuAc) and CMP-N-acetylneuraminic acid were determined in the liver. The specific radioactivity of free NeuAc was high even within 20s after injection; the maximum was reached between 7 and 10min. The specific radioactivity of CMP-NeuAc showed a lag phase of approx. 1 min. Thereafter it increased quickly and rose above the specific radioactivity of free NeuAc, reaching a maximum about 20min after injection. These results point to a channelling of the newly synthesized NeuAc molecules into a special compartment, from which they are preferentially used by the enzyme CMP-sialic acid synthetase. It is suggested that the cytosolic enzyme N-acetylneuraminic acid 9-phosphate phosphatase is working in concert with the nuclear localized enzyme CMP-N-acetylneuraminic acid synthetase. Incorporation of radioactive sialic acid into sialoglycoproteins in liver occurred 2 min after injection, and after 10min bound radioactivity began to appear in the circulation, indicating a transport time of 8 min of sialoglycoproteins from the point of attachment of sialic acid to the point of excretion.
Sialic acid plays an important role in biological phenomena, being the negatively charged terminal sugar of many glycoproteins. Sialic acid is thought to be synthesized in its non-modified form, NeuAc, by a series of enzymes in the cytosol (for reviews, see Warren, 1972; McGuire, 1976) . Recently we were able to confirm the cytosolic localization of some precursor-forming enzymes (Van Rinsum et al., 1983) . The enzyme that activates NeuAc, CMPNeuAc synthetase, is localized in the nucleus (Kean, 1970; Gielen et al., 1970 Gielen et al., , 1971 ; Van den Eijnden, 1973; Van Dijk et al., 1973; Coates et al., 1980) , whereas the transfer of NeuAc to various glycoprotein and glycolipid acceptors takes place in the Golgi apparatus (for reviews, see Schachter, 1974; Schachter & Roseman, 1980) . Modifying reactions, such as O-acylation and N-hydroxylation, can occur in the Golgi region and perhaps in the cytosol (Corfield et al., 1976; Buscher et al., 1977) . In Abbreviations used: NeuAc, N-acetylneuraminic acid; ManNAc, N-acetyl-D-mannosamine; h.p.l.c., highpressure liquid chromatography.
Vol. 216 addition, a CMP-NeuAc hydrolase exists, which is predominantly found in the plasma membrane (Kean & Bighouse, 1974; Van Dijk et al., 1976 . The significance of this distribution at a topographical level is unknown, but it might indicate a high degree of regulation of sialic acid metabolism. Assuming that CMP-NeuAc synthetase is functionally active in the nucleus (Coates et al., 1980) , the question arises as to how this synthetase is interrelated with the cytosolic NeuAc-forming enzymes. Studying the metabolism of sialic acid in rat brain, after intracranial injection of the specific precursor N-[3Hlacetyl-D-mannosamine, we observed a higher specific radioactivity of CMP-NeuAc than of free NeuAc, in the first few hours after the pulse (Ferwerda et al., 198 la) . This result points to a channelling of the newly synthesized NeuAc molecules to a special compartment, where they will be used directly by CMP-NeuAc synthetase. We have now extended our studies to rat liver to investigate whether this phenomenon is general or specific to the brain. In addition, we have measured the incorporation of radioactivity into bound NeuAc and the time between incorporation and excretion. Part of this work has been presented previously (Ferwerda et al., 1981b Isolation and puriflcation of free NeuAc and of CMP-NeuAc The procedure used was a modification of the method described previously (Ferwerda et al., 1981a) . Briefly, the frozen livers were weighed and, avoiding thawing, immediately homogenized in 9 vol. of cold 75% (v/v) ethanol, sonicated for 1 min and centrifuged at 105000g for lh, at 0-40C in an MSE-50 centrifuge (8 x 50 ml angle rotor). After evaporation of the ethanol the extracted material was dialysed at 0°C against 250ml of 5mM-Teb (triethylammonium bicarbonate) buffer, pH 7.8, containing 1 ml of toluene/litre to prevent bacterial growth. The diffusate was evaporated, the material solubilized in a few millilitres of the same buffer and transferred on to a Dowex AGI (X8; HCO3-form; 100-200 mesh) column (100 cm x 0.5 cm). Elution was achieved with a linear concentration gradient of 0.005-0.25 M-Teb buffer. The radioactivity of the fractions was determined and the various peaks were pooled and concentrated by evaporation. The positions of the different metabolites on the column were checked with radioactive standards. Fractions containing free NeuAc were pooled, the content of NeuAc and the radioactivity were determined in triplicate and the specific radioactivity was calculated. This material still contained some radioactive impurities. To correct for this, h.p.l.c. was performed on an analytical scale by the method of Bergh et al. (1981) . Normally, 70-80% of the radioactivity appeared to coincide with NeuAc and the specific radioactivity was corrected accordingly. With exogenous ['4C]NeuAc, it was shown that the impurities were formed in part during the purification procedure, probably during evaporation in Teb buffer, which can lead to a pH of approx. 9.
The CMP-NeuAc-containing material was hydrolysed under very mild conditions (1 h at 800C, in bidistilled water acidified with formic acid to pH 4-5) and rechromatographed on a small Dowex AGI (X8; HCO3-form; 100-200 mesh) column (5cm x 0.5 cm), eluted stepwise with Teb buffer.
Fractions containing NeuAc, eluted at a concentration of 40 mM-Teb buffer, were pooled, evaporated and the radioactivity and the content of NeuAc were determined in triplicate. The specific radioactivity could be calculated after analysis with h.p.l.c. as described above; 80-90% of the radioactivity coincided with NeuAc. Some 2-deoxy-2,3-dehydro-N-acetylneuraminic acid was always found, which is formed during evaporation of CMP-NeuAc under mild alkaline conditions (Beau et al., 1978) .
The concentrations of free NeuAc and of CMPNeuAc in vivo were measured with the isotopedilution technique using '4C-labelled standards. The purification procedure was the same as described above. To determine whether hydrolysis of bound NeuAc easily occurred some measurements were performed after homogenization of the liver in distilled water.
Isolation andpurification ofbound NeuAc
A suitable portion was taken from the liver pellets, obtained after centrifugation of the homogenates (see above), and washed by dispersion and centrifugation in 70% ethanol. The NeuAc was released using 0.05 M-H2SO4 and purified as described previously (Ferwerda et al., 1981a) . Small Dowex AGI (X8; HCO3-form; 100-200 mesh) columns 1983 (5 cm x 0.5 cm) were used for purification and were eluted stepwise with Teb buffer.
Serum was obtained from the heart and large blood vessels after thawing, clotting and centrifugation. Some haemolysis could not be avoided. The serum was extensively dialysed at OOC against distilled water to eliminate low-molecular-weight radioactive compounds. Subsequently, the serum was hydrolysed and the NeuAc was purified as described above. The specific radioactivity of the purified NeuAc was calculated after determination of the content of NeuAc and of the radioactivity.
Analytical techniques
Teb-stock buffer was prepared by bubbling CO2 into a 1.25 M solution of triethylamine in a closed vessel under constant stirring at 40C until the pH was 7.8. The various concentrations were prepared by dilution. Sialic acid was measured by the thiobarbituric acid method (Warren, 1959) . Radioactivity was counted in a Berthold liquid-scintillation counter (model BF 8000) equipped with an automatic external standard for calculation of d.p.m.
Results and discussion
The metabolism of rats fed only 2 h a day became typical for starving conditions. The total body weight remained almost the same, no fat deposits were formed and the liver weight (4-5 g) was approximately half that of normal rats. With such rats the biological variation was reduced, resulting in a better reproducibility. However, to exclude the possibility that starvation introduced misleading results we also investigated a series of rats fed ad libitum. (Table 1) . It appeared that injection of 5.3 nmol with the higher specific activity resulted in somewhat higher specific radioactivity of the metabolites than injection of 36nmol with the lower specific radioactivity. Most of the injected radioactivity was rapidly cleared from the circulation by the kidneys. After 10min over 50% had already been excreted. Harms & Reutter (1974) reported an absorption of approx. 3% by the liver of normal male Buffalo rats independent of the injected quantity. However, they did not correct for the blood content of liver.
Vol. 216
The values shown in Table 1 were obtained after killing the animals in liquid N2 and homogenization in ethanol. It appeared that homogenization in water resulted in 2-fold higher values for free NeuAc, whereas the values found for CMP-NeuAc remained the same. Probably some bound NeuAc can be split off in water by the enzyme sialidase, even in the cold, as has been reported for rat brain (Irwin et al., 1973) . Killing by the liquid-N2 method or by decapitation resulted in the same values. We decided to use the liquid-N2 method to stop the metabolic processes as abruptly as possible. A few seconds after immersing the animal in liquid N2 the liver will be frozen. So time corrections can be avoided, perhaps with the exception of periods shorter than 1 min.
The reliability of the procedure is very important in view of the results described below. The effect of bound NeuAc split off during the procedure, especially, can introduce misleading results. No indications exist that in our procedure such a hydrolysis occurred. In addition, frozen liver freezedried on a cold plate and homogenized as dry powder in cold ethanol gave fully comparable results (results not shown).
The specific radioactivities of free NeuAc and of CMP-NeuAc were determined at various time intervals. A few minutes after injection the specific radioactivity of free NeuAc was high. The maximum was reached after 7-10min, and then it declined slowly. During the first few minutes the specific radioactivity of CMP-NeuAc was low, but it increased quickly and rose above the specific radioactivity of free NeuAc, remaining higher for more than 2 h. The maximum was reached between 15 and 20min. The specific radioactivities found for normal rats were lower than those of starved rats, but the profiles of the curves were similar (Fig. 1) . As we used the ManNAc batch with low specific radioactivity (2807 Ci/mol) for starved rats and the batch with high specific radioactivity (19 000 Ci/mol) for normal rats the observed differences between starved and normal rats should be more pronounced. From our experiments it became clear that the livers of starved rats have a greater absorption capacity for ManNAc than the livers of normal rats. The livers Summerfield (1982) for the uptake of agalacto-orosomucoid.
On the basis of our observations the conclusion can be drawn that in liver, as in brain, newly synthesized NeuAc molecules are channelled to CMP-NeuAc synthetase. To determine whether the newly synthesized NeuAc molecules are directly transferred to the synthetase or are directed into a special compartment (the substrate pool of the synthetase), we measured the specific radioactivities of NeuAc and of CMP-NeuAc in a series of starved rats very shortly after injection. If a special compartment exists the specific radioactivity of CMP-NeuAc should show a lag phase relative to the specific radioactivity of NeuAc; the duration of the lag phase gives an indication of the size of the substrate pool. The specific radioactivity of free NeuAc was high from the first test point (20s), and thereafter it increased further. The specific radioactivity of CMP-NeuAc showed a lag phase of 40-60s, after which time it increased quickly (Fig. 1, inset) . This result points to the existence of a special pool of newly synthesized NeuAc molecules. A half-life of CMP-NeuAc shorter than 20min can be calculated from the decrease in specific radioactivity between 30 and 50min ( Fig. 1) in the liver of starved rats. An exact determination is not possible because incorporation of radioactivity into CMP-NeuAc still continues during this time. From this half-life and the pool size of CMP-NeuAc (Table 1) it can be calculated that the synthesis rate of CMP-NeuAc is greater than 1.0nmol/min per g wet wt. A lag phase of 1 min points to a pool of NeuAc for synthesis of more than 1.0nmol/g wet wt.
The difference in lag phase between CMP-NeuAc and NeuAc should be used for an exact calculation, but for NeuAc no lag phase could be determined. In addition, after 1 min the incorporation of radioactivity into CMP-NeuAc started, but the pool for synthesis may only be partly renewed. However, it is clear that the pool for synthesis is small, maximally a few percent of the total amount of free NeuAc in the liver.
As mentioned in the introduction, CMP-NeuAc synthetase is localized in the nucleus. Experiments with nucleus-free cells (Coates et al., 1980) give support to the idea that CMP-NeuAc synthetase is also functionally active in the nucleus. The channelling of newly synthesized NeuAc molecules can be explained by the assumption that the last enzyme in NeuAc biosynthesis, NeuAc 9-phosphatase, delivers its product into the special pool, in this case the nucleus. The subcellular localization of the NeuAc 9-phosphatase has never been determined. No indications exist that this enzyme is nuclear-bound; on the contrary the results ofthe investigations point to a cytosolic localization (Warren & Felsenfeld, 1962; Jourdian etal., 1964; Watson et al., 1966) . However, cytosol-localized enzymes need not be freely diffusible, but are often functionally ordered within the cell. Interaction with structural components can occur, sometimes resulting in modified catalytic activities (for review, see Masters, 1978 (1981) or via the cytosol. Experiments with isolated Golgi vesicles give support to the latter possibility (Carey et al., 1980; Carey & Hirschberg, 1981) . This transport of CMP-NeuAc from the place of synthesis to the place of incoprporation seems to occur promptly. Approx. min after the appearance of radioactivity in CMP-NeuAc, incorporation into bound NeuAc of the liver could be detected (Fig. 2) . Some difference was found between normal and starved rats, but it is questionable whether this difference is significant. Between 9 and 10min after injection, radioactivity began to appear in the circulating sialoglycoproteins. So the transport of sialoglycoproteins from the point of attachment of the sialic acid molecules to the point of excretion took 7-8 min. In this respect the livers of starved rats behaved the same as normal rats. With radioactive glucosamine as precursor an incorporation plus excretion time of approx. 15 min and 25 min has been reported for a,-acid glycoprotein and transferrin respectively (Schreiber et al., 1979) . However, glucosamine serves as a precursor of several sugars and the radioactivity is incorporated at an earlier stage.
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